The second-order rate constants for the microbial transformation of a series of phenols were correlated with the physicochemical properties of the phenols. The compounds studied were phenol, p-methylphenol, p-chlorophenol, p-bromophenol, p-cyanophenol, p-nitrophenol, p-acetylphenol, and p-methoxyphenol. Phenol-grown cells of Pseudomonas putida U transformed these compounds. Microbial transformation rate constants ranged from (1.5 ± 0.99) x 10-14 liter * organism-1 -h-1 forp-cyanophenol to (7.0 ± 1.3) x 10-12 liter -organism-' h-1 for phenol. Linear regression analyses of rate constants and electronic, steric, and hydrophobic parameters showed that van der Waal's radii gave the best coefficient of determination (r2 = 0.956). Products identified by thin-layer chromatography and liquid chromatography indicated that the phenols were microbially oxidized to the corresponding catechols.
Structure-activity relationships between chemical reactivity and a physical or chemical property of a compound are well established (10) . Similar relationships between microbial reactivity and some readily available molecular descriptors would provide a useful tool for predicting microbial reactivity within classes of organic compounds. They would also provide a method to obtain approximate microbial rate constants for environmental models, such as the exposure analysis modeling system (3). Such a relationship for a given set of compounds would also be useful to synthetic chemists seeking to develop materials having optimal utility and transformation potential.
Most researchers relating chemical structures to biodegradability in a series of compounds have based their conclusions on mineralization of compound (2) , oxygen uptake (6) , or percentage of compound remaining after a given period of time (17) . Although these results give insight into the potential or relative biodegradability of a compound, the choice of the first two measurements makes it difficult to develop quantitative relationships.
Recently, Wolfe and co-workers (18) related microbial transformation rate constants to chemical reactivity for two groups of compounds. In these studies, the second-order rate constants for microbially mediated hydrolysis were related to the second-order rate constants for alkaline hydrolysis. To determine whether biological reactivity and chemical structure could be related when other transformation mechanisms were involved, bacterial oxidation was pursued.
To optimize the establishment of such a relationship, experimental conditions were chosen as follows: (i) Pseudomonas putida U, which could metabolize phenol and p-cresol by converting them into catechol and p-methylcatechol, respectively (4), was selected; (ii) bacteria were cultured in a medium containing phenol before kinetic studies; and (iii) all of the phenols were substituted in the same position (para) on the ring. We report on the transformation of a series of phenols and the establishment of a relationship between microbial transformation rate constants and properties of the phenols. Thin-layer chromatography. Reaction mixtures were adjusted to pH 2 with hydrochloric acid and extracted twice with ethyl acetate. The organic extracts were combined and dried over anhydrous sodium sulfate. Products in the extract were separated by thin-layer chromatography with plates coated with silica gel fluorescent indicator. Two developing solvents were used: chloroform-ethanol-0.1 N sodium hydroxide (100:5:1) (11) and benzene-methanol-acetic acid (45:10:1) (16). Visualization was accomplished by using a UV chromatographic viewer. Developed thinlayer plates of extracts of cultures containing`Clabeled parent compounds were also analyzed with a Geiger detector housed in a Packard 7201 radiochro-
Experimental design. Before an experiment, P. putida was cultured in a 1-liter Erlenmeyer flask containing 500 ml of dilute (1:10) nutrient broth that had been autoclaved at 121°C for 15 min. Then 0.5 ml of the phenol stock was added to the broth. After 24 h, 5 ml of the culture was transferred to two 2-liter flasks, each containing 1 liter of dilute nutrient broth and 1 mg of phenol per liter. After 24 h, the bacteria were harvested, washed once, and separated by centrifugation at 10,000 x g for 15 min at 15°C. The pellet was suspended in 500 ml of the basal salts medium (pH 6.7) of Payne and Feisal (13), containing 1 mg of phenol per liter to allow utilization of endogenous materials. After 24 h, the bacteria were harvested, washed three times with sterile dilution water, and suspended in 20 ml of the basal salts medium of Payne and Feisal.
Approximately 1 ml of the bacterial suspension was transferrred to each of 16 500-mI flasks containing 200 ml of basal salts medium. The resulting bacterial concentrations were approximately 1011 organisms per liter. High concentrations were used to reduce transformation times for the less reactive compounds. Eight more 500-ml flasks each containing 200 ml of basal salts medium served as controls for abiotic processes. To each flask, 0.2 ml of the appropriate phenol stock solution was added. Flasks were incubated at 25°C in a temperature-controlled shaker.
Phenol concentrations were determined as a function of time through approximately two half-lives of the compounds.
For product studies, phenol concentrations were 1 mg/liter and S ,uCi/liter for the "C-labeled compounds available. Viable cell numbers were estimated by plate counts at 0 h and at each sampling time concomitant with test compound sampling. Tryptone-glucose extract agar was used as the plating medium, and plates were incubated aerobically at 25°C for 48 h.
Three concentrations of p-cyanophenol (0.02, 0.1, and 1.0 mg/liter) and three concentrations of bacteria (1010, 10"1, and 1012 organisms per liter) were used for verification of the kinetic expression.
Transformation kinetics. The second-order equation (12) 
RESULTS
Verification of kinetic expression. Figure 1 gives data from the experiments with different concentrations of p-cyanophenol and a constant bacterial concentration (1012 organisms per liter). The early part of the curve was not included in estimations of ki. Although the lag periods differed, the values of k1 were in good agreement. Moreover, no significant difference among the second-order rate constants was observed at the 95% confidence level. The rate of compound disappearance was pseudo first order, and the rate constants were proportional to bacterial concentrations (Table 1 ). The reaction was thus second order overall and consistent with equation 1. Rate constants for transformation of phenols. The results demonstrate that P putida had the capability to transform all of the phenols ( Table  2 ). The concentration of test phenol in sterile controls did not change during the course of the experiment. The influences of the different substituents were evident among the eight com- (17) reported p-nitrophenol disappearance to be 13 times slower than that of phenol, whereas it was 70 times slower in this study.
Product studies. Catechol and p-methylcatechol have been demonstrated to be products of phenol and p-methylphenol in studies with P. putida U (4). Also, a similar pathway for microbial transformation of p-nitrophenol by Flavobacterium sp. has been reported (14) . When pmethylphenol, p-nitrophenol, p-acetylphenol, and phenol were incubated separately with P. putida, thin-layer chromatographic analysis of the ethyl acetate extracts from the cultures indicated p-methylcatechol, p-nitrocatechol, pacetylcatechol, and catechol as products based on a comparison of Rf values with authentic samples in two different solvent systems. The ratio of Rf values for the product and the parent compound was 0.61 ± 0.016 for phenol, methylphenol, nitrophenol, and acetylphenol in the chloroform-ethanol-0.1 N NaOH solvent system, whereas the ratio was 0.87 ± 0.015 in the benzene-methanol-acetic acid system (Table 3) . These ratios were used in the identification of the catechols of the remaining compounds (pchlorocatechol, p-bromocatechol, p-cyanocatechol, and p-methoxycatechol).
Ratios of the liquid chromatographic retention times of four compounds and their corresponding catechols were also used to substantiate the products. The ratios for these four compounds had a range of 0.59 to 0.68 (Table 3 ).
The gas chromatographic retention times of a derivatized sample (15) from our cultures indicated the presence of p-nitrocatechol when retention times were compared with a derivatized authentic sample.
DISCUSSION
These experiments were designed to collect data for estimating transformation rate constants with P. putida for a series of phenols and to relate these disappearance rate constants to some chemical or physical property of the phenols. It was therefore important to use consistent acclimation and culture procedures in these experiments to observe differences in the disappearance rate constants of the phenols under similar conditions. Concentrations of bacteria were high, and plate counts demonstrated that they remained constant; the rate equation, therefore, was first order with respect to phenols. The lag phase, which occurred with pcyanophenol, p-nitrophenol, and p-methoxyphenol, apparently did not affect the active period of degradation. This is indicated by data from studies with three different initial concentrations of p-cyanophenol and three different initial concentrations of bacteria (Fig. 1) . In the experiment shown in Fig. 1 , compound concentration was varied over three orders of magnitude while the bacterial concentration was kept constant. At the highest initial compound concentration the lag period was 35 h, whereas at the lowest concentration the lag period was 1.5 h. The rate constant for active transformation, when determined after the lag phase, was found to be the same at the three concentrations.
Based on the studies of Wolfe and co-workers (18), it was assumed that electronic effects would be the dominant factor governing the kinetics of microbial oxidation of phenols. The compounds used in this study were selected, therefore, to span a wide range of electronic and other properties as a consequence of the various structures (Table 4) . Initial correlations with pKas (1) of the phenols or Hammett's ap-constant (10) accounted for 51 and 47% of the variance in the data, respectively. In the plot of the log of the rate constant versus pKa of the compound (Fig. 2) , data points for p-methoxyphenol and p-cyanophenol were the obvious outliers. When data for these compounds are excluded, r2 = 0.975. If the transformation pathway for the methoxyphenol and cyanophenol were different from the others (i.e., a change in mechanism), the poor fit would be explained. The oxidative pathway, however, appears to be the same for all compounds, as suggested by the product studies. For all eight phenols, product studies indicate the formation of the corresponding catechols.
It should be noted that the pH of the reaction medium was maintained near 6.7 to ensure that the phenolic compound existed predominately as the associated species and not the phenolate ion. In the case of nitrophenol (pKa 7.15), however, the fraction present as nitrophenol was 0.74. Thus, the actual first-order disappearance rate constant was obtained by dividing the observed disappearance rate constant by 0.74. This value was used in the correlations.
Both simple and multiple linear regressions were performed with selected constants indicative of hydrophobic and steric effects. Log ko0 and fr (9) resulted in regression coefficients of 0.097 and 0.496, respectively. van der Waal's radius (YYvdw) gave the best correlation (r2 = 0.956; Fig. 3 ) and resulted in equation 2: log kb = -1.36 (±+ 0.19) Yvdw -9.3 (±+ 0.27) (2) where Yvdw = van der Waal's radius (nanometers x 10). The F value was highly significant at the 95% confidence level. With the exception of cyano, methoxy, and acetyl compounds, the Yvdw values were those used by Charton (7, 8) and Bondi (5) in their studies. The minimum 'Yvdw values for the other three compounds were estimated by using Dreiding stereomodels. The use of the minimum -Yvdw iS not unreasonable in the case of a template effect between enzyme and molecule, with the substituent oriented parallel to the ring, or when uptake is governed by steric properties.
The relationship between microbial transformation rate constants and van der Waal's radii gives encouragement to the possibility of using physicochemical properties of molecules for estimating microbial rate constants. If similar relationships between rate constants and molecular structure can be made for transformations by microbial populations in natural waters or for additional groups of compounds, this would provide a foundation for predictions of kb for use in environmental models. The ultimate utility of this approach can only be determined by systematic correlation of microbial transformation rate constants for different groups of compounds in natural waters.
